INTRODUCTION
BK polyomavirus (BKV) is ubiquitous among humans (Knowles, 2001 ), infecting children asymptomatically and then persisting in renal tissue (Chesters et al., 1983; Heritage et al., 1981) . Renal BKV in immunocompetent individuals is not latent, but replicates frequently with excretion of progeny virus in urine . In immunosuppressed patients (particularly renal transplant recipients), BKV may cause renal dysfunction such as BKVassociated nephropathy (Hirsch & Steiger, 2003) .
BKV isolates worldwide are classified into four subtypes (I-IV) using serological and genotyping methods (Knowles, 2001) . Subtype I is widespread throughout the world, subtype IV shows a geographical distribution biased for East Asia, and subtypes II and III are rarely detected throughout the world (Nishimoto et al., 2007; Zheng et al., 2007) . Based on phylogenetic analyses, subtype I is further divided into four subgroups (I/a, I/b-1, I/b-2 and I/c), each of which has a unique geographical distribution pattern: a is most prevalent in Africa, b-1 in South-east Asia, b-2 in Europe and c in North-east Asia  Takasaka et al., 2004; Zheng et al., 2007) . In addition, detailed phylogenetic analyses of subtype IV isolates worldwide have identified six subgroups (IV/a-1, IV/a-2, IV/b-1, IV/b-2, IV/c-1 and IV/c-2) (Nishimoto et al., 2007) . Similar to subtype I subgroups, each of the subtype IV subgroups has a unique geographical distribution pattern; thus, all subgroups except IV/c-2 are prevalent in particular East Asian populations, with IV/c-2 occurring in both Europe and North-east Asia (Nishimoto et al., 2007) .
To explain how the geographical distribution of BKV subtypes and subgroups has developed, we hypothesized that, like JC polyomavirus (JCV) (Stoner et al., 2000; Suzuki et al., 2002) , BKV has co-migrated with human populations (designated the co-migration hypothesis). To test this hypothesis, we compared the distribution patterns of BKV subtypes and subgroups among two American populations in North-east USA and southern California, two European populations in Finland and Ireland/England, and two Asian populations in Japan and China. Both American populations were composed mainly of European Americans (US Census Bureau, 2005) . We considered that substantial support for the co-migration hypothesis would be obtained if the European subgroups (I/b-2 and IV/c-2) were also frequently detected in the American populations.
METHODS
Populations. Two American populations in North-east USA and southern California, two European populations in Finland and Ireland/England, and two Asian populations in Japan and China were examined in this study. The population in North-east USA is described in this study, whilst the other populations have been described previously Chen et al., 2006; Suzuki et al., 2002; Takasaka et al., 2004) . The population in North-east USA consisted of three groups with different clinical status: healthy volunteers, non-immunosuppressed patients and immunosuppressed renal transplant (RT) patients (Table 1) . The racial background of this population was 41 (80 %) white, four (8 %) black, two (4 %) Asian, one (2 %) American Indian and three (6 %) unknown. Urine samples were collected at the University of Pittsburgh Medical Center, Pittsburgh, PA, USA, with informed consent (IRB # 0602155). The Californian population was composed of general patients (mainly European Americans) at the Scripps Clinic, La Jolla, CA, USA (Suzuki et al., 2002) .
Fractionation of urine and extraction of DNA. Urine was centrifuged at 1300 g for 10 min at 4 uC to generate pellets containing cell-associated viruses (PPT-1) and supernatant (SUP-1) containing cell-free viruses. PPT-1 was resuspended in 1.3 ml 10 mM Tris/HCl (pH 7.6) and 10 mM EDTA, and digested with 100 mg proteinase K (Takara Bio) ml 21 in the presence of 0.5 % SDS at 56 uC for 1 h. DNA was extracted from the digest with phenol and chloroform, and recovered by ethanol precipitation. The resultant pellet was dissolved in 80 ml Ultraspec Water (Biotecx Laboratories). SUP-1 was centrifuged at 25 000 r.p.m. at 4 uC for 3 h in a Beckman SW28 swing rotor, and the resultant pellet (PPT-2) was processed as described for PPT-1.
Amplification and sequencing of the typing region of BKV DNA.
The 287 bp typing region of BKV was amplified from the DNA extracted from urine. The 287 bp region contains the whole effective sequence within the previously used 327 bp typing region (Jin et al., 1993) . Amplified fragments were detected by agarose gel electrophoresis, purified using a Montage PCR Centrifugal Filter Device (Millipore) and subjected to a cycle sequencing reaction using a BigDye Terminator Cycle Sequencing kit v3.1 (Applied Biosystems). DNA sequencing was performed using an automated sequencer (3130 Genetic Analyzer; Applied Biosystems).
Amplification and sequencing of the entire genome of BKV.
Using conditions described elsewhere , the entire BKV genome was amplified using Phusion High-Fidelity DNA polymerase (Finnzymes) and primers BKFu-IF and BKFu-IR for subtype I and BKFuBa-IVF and BKFuBa-IVR for subtype IV (Nishimoto et al., 2007) . Amplified fragments were detected by agarose gel electrophoresis, purified using a Montage PCR Centrifugal Filter Device (Millipore), subjected to a cycle sequencing reaction using a BigDye Terminator Cycle Sequencing kit v3.1, as described previously Nishimoto et al., 2007) and sequenced with an automated DNA sequencer (3130 Genetic Analyzer) as above.
Phylogenetic analysis. The typing-region and complete-genome sequences of BKV determined in this and previous studies (Nishimoto et al., 2006 (Nishimoto et al., , 2007 Seif et al., 1979; Tavis et al., 1989; Zheng et al., 2007) , together with that of SA12 (a baboon polyomavirus closely related to BKV) (Cantalupo et al., 2005) , were aligned using CLUSTAL W (Thompson et al., 1994) . From the aligned sequences, a neighbour-joining (NJ) phylogenetic tree (Saitou & Nei, Table 1 . Detection of BKV DNA from the population in North-east USA A higher detection rate compared with other studies on healthy subjects was achieved because a highly sensitive PCR was performed using DNA that was highly concentrated from urine samples . Co-migration of BK polyomavirus and the human race 1987) was reconstructed using CLUSTAL W with Kimura's twoparameter distance method (Kimura, 1980) . The phylogenetic tree was visualized using the NJplot program (Perrière & Gouy, 1996) . To assess the confidence level of the phylogenetic tree, bootstrap probabilities (BPs) were estimated with 1000 bootstrap replicates (Felsenstein, 1985) .
Statistical analysis. Statistical analysis was performed using a x 2 test with Yates' correction or with Fisher's exact test using the statistical software package SPSS. The significance level was set at 5 %. All statistical analyses were performed using numbers of isolates, rather than percentages.
RESULTS
Typing and subtyping of BKV DNAs from Northeast USA and China
To detect BKV DNA from urine samples with maximum efficiency, we amplified the 287 bp typing region from both low-speed precipitates (containing cell-associated virus) and high-speed precipitates (containing cell-free virus) (see Methods). The results are shown in Table 1 for each of the three subject groups: healthy volunteers, general patients without immunosuppression and immunosuppressed RT patients. The detection rates did not differ significantly among the subject groups, and the rates were similar for the high-speed and low-speed precipitates in each subject group. Sometimes BKV DNA was detected in only one of the two fractions from a particular urine sample, but in such cases the sample was still considered to be positive for BKV DNA. All amplified typing regions were sequenced for subsequent phylogenetic analysis. In 10 cases where amplicons were sequenced for both high-speed and low-speed precipitates derived from the same urine sample, the sequences in both fractions were identical without exception.
An NJ phylogenetic tree was reconstructed from the typing-region sequences obtained from North-east USA (this study) and China , plus 25 reference sequences (Table 2) , using SA12 (a primate polyomavirus related to BKV) as the outgroup. The typingregion sequences (FUJ-1 to -36) from China were included in the phylogenetic analysis, as they remain to be subclassified . In the resultant tree ( Fig. 1) , typing-region sequences were divided into four major clusters corresponding to subtypes I, II, III and IV, respectively, with BPs ranging from 86 (for subtype III) to 100 % (for subtype I). In addition, subtype I was (Table 3) and China (FUJ-1 to -36) plus 25 reference sequences (Table 2) were used to reconstruct the NJ phylogenetic tree using the corresponding sequence of the baboon polyomavirus SA12 as the outgroup. As the typing-region sequences obtained from both high-speed and low-speed precipitates (see Methods) from the same urine samples were identical without exception, only representative sequences from these samples were used in the phylogenetic analysis. The phylogenetic tree was visualized using the NJplot program. Subtypes and subtype I subgroups are indicated to the right of the tree. The numbers at nodes are BPs (%) obtained for 1000 replicates (shown only for major nodes). The isolates classified or subclassified in this study are shown in bold. Isolates with asterisks were also used for the phylogenetic analysis based on complete genome sequences (Fig. 2) .
Co-migration of BK polyomavirus and the human race subdivided into four subclusters corresponding to subgroups I/a, I/b-1, I/b-2 and I/c with lower BPs (43-81 %).
To confirm the above findings and to subclassify subtype IV isolates into subgroups, we conducted a phylogenetic analysis based on complete genome sequences. Thus, we determined the complete DNA sequences of 13 isolates of subtype I and two of subtype IV. In addition, three complete DNA sequences of subtype IV were established previously from the Chinese population (Nishimoto et al., 2007) and these sequences were also used for the analysis. The fully sequenced BKV isolates from North-east USA are identified with asterisks in Table 3 , and those from the Chinese population were FUJ-4, -6, -13, -15, -18, -27, -31, -32, -34 and -36 [FUJ-13, FUJ-18 and FUJ-32 have been reported previously by Nishimoto et al. (2007) ]. An NJ phylogenetic tree was reconstructed from these sequences together with a subtype IV sequence (LAB-33), which was previously detected in southern California but remains to be subclassified , and the 25 reference sequences (Table 2) , using SA12 as the outgroup.
In the resultant tree ( Fig. 2) , BKV isolates were divided into three major clusters, corresponding to subtypes I, II and III, and IV with high BPs (100 %). Cluster II/III was further divided into two subclusters (corresponding to subtypes II and III) with high BPs (100 %). Furthermore, subtype I was subdivided into four subclusters corresponding to subgroups I/a, I/b-1, I/b-2 and I/c, with high BPs (100 %). In addition, subtype IV was further divided into six subclusters corresponding to subgroups IV/a-1, IV/a-2, IV/b-1, IV/b-2, IV/c-1 and IV/c2, with high BPs (92-100 %) (Fig. 2) . In short, the phylogenetic analyses based on complete DNA sequences supported not only the subtype classification of BKV isolates but also the subclassification of subtype I isolates. In addition, this phylogenetic analysis allowed subclassification of subtype IV into subgroups.
Distribution of BKV subtypes and subgroups in various populations
The distribution patterns of BKV subtypes were compared among the American (population A, North-east USA; B, southern California), European (C, Ireland/England; D, Finland) and Asian (E, Japan; F, China) populations (subtype identification was based on phylogenetic analysis) ( Table 4 ). The distribution patterns of BKV subtypes in populations A and F were clarified in this study, whilst those of populations B-E have been reported previously Ikegaya et al., 2006; Takasaka et al., 2004; Yogo et al., 2007) . The frequency of subtype I was the highest throughout the populations, whilst that of subtype IV was variable among populations, occurring at lower frequencies ranging from 3-5 % (populations B and C) to 17-36 % (populations A, D, E and F). With reference to the incidence of subtype I, the incidence of subtype IV differed significantly between populations A (or D) and B (or C) (P,0.01 or P,0.05, respectively) and between populations B (C or E) and F (P,0.01 or P,0.05, respectively) ( Table 5 ). Additionally, subtypes II and III were rarely present in any of the populations.
The numbers of isolates classified into each subtype I subgroup for individual populations is shown in Table 6 (subgroup identification was based on phylogenetic analysis). The distribution patterns of subtype I subgroups in the populations from North-east USA and China were clarified as described above. Subgroup I/b-2 was the most prevalent in the two American populations and also in the two European populations, with rates ranging from 71 to 79 %, whilst subgroup I/c was the most prevalent in the Japanese and Chinese populations, at rates of 85 and 61 %, respectively. Subgroup I/b-1 occurred at the second highest rate in all of the populations, with rates from 10 to 26 %. Subgroup I/a rarely occurred in any of the populations except the Irish/English population, in which subgroup I/a occurred at a low but significant rate (13 %). With reference to the incidence of subgroup I/b-2 or I/c, the incidence of subgroup I/b-1 differed significantly between populations A (B, C or D) and E (or F) (Table 5) . Similarly, with reference to the incidence of subgroup I/c, the incidence of subgroup I/b-2 differed significantly between populations A (B, C or D) and E (or F) ( Table 5) .
As complete genome sequences were determined only for part of the detected subtype IV isolates Nishimoto et al., 2007;  this study), it was not possible to make a quantitative comparison of the distribution of Table 3 . BKV isolates detected from the population in North-east USA
Isolates whose typing sequences were analysed in Fig. 1 are shown. Asterisks identify isolates whose complete sequences were used for the phylogenetic analysis (Fig. 2) .
Clinical stateD Low-speed precipitate High-speed precipitate subtype IV subgroups among populations. However, all five subtype IV isolates from the American and European populations (A-37H, A-66H, LAB-33, FIN-2 and FIN-4) (Nishimoto et al., 2007;  this study) belonged to subgroup IV/ c-2, whereas the subtype IV isolates (RYU-3, THK-8, TW-3, KOM-2, KOM-7, FUJ-18 and FUJ-32) from the Asian populations belonged to other subgroups (i.e. IV/a-2, IV/b-1, IV-b2 and IV/c-1) (Nishimoto et al., 2007 ; this study). (Table 2) were used to reconstruct the NJ phylogenetic tree. The baboon polyomavirus SA12 was used as the outgroup. The phylogenetic tree was visualized using the NJplot program. Subtypes and subgroups are indicated to the right of the tree. Symbols for isolates are described in the legend of Fig. 1 . The isolates classified or subclassified in this study are shown in bold. The numbers at nodes are BPs (%) obtained for 1000 replicates. ( Co-migration of BK polyomavirus and the human race
DISCUSSION
To examine the co-migration hypothesis, we compared the BKV subtype and subgroup profiles among two American, two European and two Asian populations. These populations were not clinically identical, but it has been confirmed that the clinical status of subjects does not affect the distribution of BKV subtypes and subgroups Ikegaya et al., 2006) . Therefore, the results obtained support the co-migration hypothesis, as follows. Substantial support for the co-migration hypothesis was provided by the similar distribution patterns for subtype I subgroups in the American and European populations. Thus, the I/b-2 subgroup was detected primarily in all American and European populations, whereas subgroup I/c rarely occurred in these populations, but was predominant in the Asian populations. This trend in the distribution of subtype I subgroups among populations was confirmed to be statistically significant. Moreover, with reference to the incidence of subgroup I/b-2 or I/c, subgroup I/b-1 occurred at significantly higher rates in the American and European populations than in the Japanese and Chinese populations. After primary infection in early childhood, BKV persists in individuals throughout their lives (Chesters et al., 1983; Heritage et al., 1981) ; thus, the current observations suggest that BKV Table 5 . Statistical analysis of the rates for subtypes I and IV or subtype I subgroups between populations
Using the data shown in Tables 4 and 6 , a pair-wise examination was performed to determine whether the rates for subtypes I and IV and subgroups I/b-1 and I/b-2, I/b-1 and I/c and I/b-2 and I/c differed between populations. Table 4 for source of data and clinical status of urine donors. strains accompanied European emigrants to the USA, providing support for the co-migration hypothesis.
The frequency of subtype IV was variable among populations, including between the two American populations and between the two European populations. As subtype IV is highly prevalent in East Asia, excluding Japan , the difference in the rate of subtype IV between the American populations may be due to a difference in the degree of admixture with Asian emigrants. However, as subtype IV shows a biased distribution in Europe (Nishimoto et al., 2007) , an alternative explanation may be a difference in the origin of European emigrants (i.e. the population in North-east USA may have been established mainly by descendants of emigrants from areas of Europe where subtype IV was prevalent). Indeed, three fully sequenced subtype IV isolates (LAB-33, A-37H and A-66H) in the American populations belonged to subgroup IV/c-2, which is prevalent in Europe (Fig. 2) . Therefore, the distribution patterns of BKV subtypes in the American and European populations are consistent with the co-migration hypothesis.
We recently found that the I/b-2 subgroup, which is predominant in Europe, is detected primarily in secondgeneration Japanese Americans, and that the I/c subgroup prevalent in native Japanese is rare in this population . This observation can also be reconciled with the co-migration hypothesis if we assume that the children of migrant Japanese subjects acquired BKV infection not from their parents, but from European Americans living in their local community . However, it remains to be clarified why BKV is not transmitted among the family but transmitted mainly outside the family.
It has been proposed that subtype IV of BKV originated in East Asia Nishimoto et al., 2007) , but the occurrence of minor subtype IV populations in Europe appears contradictory to this viewpoint (Nishimoto et al., 2007) . However, as most of the European subtype IV isolates belong to subgroup IV/c-2 (this subgroup is also found in North-east Asia, e.g. Mongolia), it can be assumed that a North-east Asian population carrying IV/ c-2 diverged into multiple subpopulations, some expanding into East Asia, but some migrating to Europe, probably via Central Asia (Nishimoto et al., 2007) . This scenario is based on the co-migration hypothesis and is now realistic, as the current study provides substantial support for this hypothesis.
Co-migration of BKV and the human race suggests that, like JCV (Agostini et al., 2001; Sugimoto et al., 1997) , BKV may be used as a population marker in genetic anthropology. Indeed, assuming two internal calibration points (e.g. the emergence of modern humans and out-of-Africa migration), Krumbholz et al. (2008) recently estimated the evolutionary rate of BKV to be within 7610 28 to 2.4610 27 substitutions per site per year. These values are of the same order of magnitude as estimated for JCV (Hatwell & Sharp, 2000; Sugimoto et al., 2002) and validate the use of BKV as a marker to trace patterns of human migration (Yogo et al., 2004) . A study of BKV lineages in Amerindians, Arctic people and Austronesians would be of special interest with regard to the origin of these populations.
